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Summary
Ciliated protozoa have two functionally distinct nuclei,
a micronucleus (MIC) and a macronucleus (MAC) [1]. These
two nuclei are distinct in size, transcriptional activity, and
division cycle control, proceeding with cycles of DNA repli-
cation and nuclear division at different times within the
same cell [2, 3]. The structural basis generating functionally
distinct nuclei remains unknown. Here, we show that, in
Tetrahymena thermophila, the nuclear pore complexes
(NPCs) of MIC and MAC are composed of different sets of
nucleoporins. Among the 13 nucleoporins identified, Nup98
homologswere of interest because two out of the four homo-
logs were localized exclusively in the MAC and the other two
were localizedexclusively in theMIC.The twoMAC-localizing
Nup98s contain repeats ofGLFG [4]. In contrast, the twoMIC-
localizingNup98s lack theGLFG repeats and instead contain
a novel repeat signature of NIFN. Ectopic expression of a
chimeric MIC-localizing Nup98 homolog bearing GLFG
repeats obstructed the nuclear accumulation of MIC-specific
nuclear proteins, and expression of a chimeric MAC-local-
izing Nup98 homolog bearing NIFN repeats obstructed the
nuclear accumulation of MAC-specific nuclear proteins.
These results suggest that Nup98s act as a barrier to misdi-
rected localization of nucleus-specific proteins. Our findings
provide the first evidence that the NPC contributes to
nucleus-selective transport in ciliates.
Results and Discussion
The existence of two morphologically and functionally distinct
nuclei in a single cell is a salient characteristic of ciliated
protozoa,called ‘‘nucleardimorphism’’ [1].Bothamacronucleus
*Correspondence: tokuko@nict.go.jp(MAC)andamicronucleus (MIC)aredifferentiatedfromazygotic
nucleus, which is generated by pronuclear fusion during the
mating process. The MAC undergoes a programmed DNA rear-
rangement that eliminates MIC-specific internal sequences and
multiplies the copy number of genes, generating hundreds of
fragmented small chromosomes, whereas the MIC contains
two complete sets of the genome that originated in the zygote.
It has been reported that some nuclear proteins are selectively
targeted to either the MAC or MIC. For example, linker histone
H1 is localized only to the MAC [5], whereas micronuclear linker
histone MLH is localized only to the MIC [6]. In addition, H2A.Z, a
transcription-associated variant of histone H2A, is MAC specific
during vegetative growth, although it appears in the MIC during
the mating process [7]. Several other proteins that are required
for programmed DNA rearrangement, such as the Pdd1, Twi1,
Dcl1, and Lia proteins, are targeted to a particular nucleus
only at an appropriate period during the mating process
[8–11]. One possible explanation for such biased localization
of nuclear proteins is selective transport mediated by specific
importins. Recently, it was reported that the localizations of all
13 importin-a proteins were biased to one or the other nucleus
in T. thermophila [12].
Because selective transport cargo complexes need to distin-
guish the difference between MAC NPCs and MIC NPCs upon
entry into the nucleus, we hypothesized that the NPC structure
may be different in the two nuclei. Therefore, we investigated
structural and compositional differences of their NPCs. First,
we examined whether the NPCs show any structural differ-
ences in electron micrographs. In Tetrahymena, NPCs exist in
both nuclei [13] and are observed as an octagonal structure
[14], similar to the well-studied NPCs of other species. Our
electron microscopy observations detected no significant
structural differences in the NPCs of the two nuclei, although
the MAC NPCs contained dense central plugs more frequently
than the MIC ones (Figure S1 available online). Distribution
densities of the NPCs at the nuclear surface were also similar
in the two nuclei, being w45 NPCs/mm2. This value is similar
to that of the Xenopus oocyte (w50 NPCs/mm2) [15] but is
much more than that of yeast (11–15 NPCs/mm2) [16] or
mammalian culture cells (3–4 NPCs/mm2) [17, 18]. It suggests
that a very active nucleocytoplasmic transport may be occur-
ring in Tetrahymena cells.
Next, we examined differences in the molecular composition
of the NPCs of the two nuclei. Because only a few nucleoporins
had been experimentally identified inTetrahymena [12], we first
selected candidate genes from the MAC genome database of
T. thermophila (http://www.ciliate.org/) [19] based on their
sequence similarity to conserved domains or phenylalanine-
glycine (FG) repeats [20] (Table S1 and Figure S2) and examined
their localization by expressing green fluorescent protein (GFP)
fusion constructs. Based on their localization, we assigned
13 proteins as nucleoporins (Figure 1). The GFP fusion proteins
formed dot-like structures on the nuclear rim similar to the
NPCs found in other eukaryotes (Figure 1, insets) and colocal-
ized with endogenous Nup155 protein, as analyzed by indirect
immunofluorescence with anti-Tetrahymena Nup155 antibody
(Figure S3). Of the 13 nucleoporins tested, Nup308, Nup155,
gp210, Nup96, Nup93, Seh1, Sec13R, Nup54, and Nup50
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844(Nup1 in Malone et al. [12]) homologs were localized to both
nuclei (Figure 1A). Localization of these common nucleoporins
is almost equal in both nuclei; Seh1, Sec13R, and Nup155
homologs showed some enrichment in the MIC periphery. In
addition to localization in the periphery of both nuclei, signifi-
cant levels of the Nup50 homolog were observed in the nucleo-
plasm of both nuclei, consistent with the localization of Nup50
of other eukaryotes [21]. Surprisingly, the integral membrane
Figure 1. Intracellular Localization of GFP-Nups in Living Cells
Images show subcellular localization of GFP-Nups ectopically expressed.
Asterisks and arrows indicate the MAC and MIC, respectively. White broken
lines represent the borders of cells. The lower-right inset on each panel
shows the deconvolved image focused on the MAC surface or for the
MicNup98s images in the midplane of the MIC. The first 2769 bp and later
3243 bp of TTHERM_00530720 (6012 bp) were expressed for MicNup98B
and Nup96, respectively, because the MicNup98B gene was naturally con-
nected to the Nup96 gene through a Nucleoporin2 domain (see the legend
for Figure 2). The bright globes existing in some cells were digestive vacuoles
probably incorporating overexpressed or unfolded GFP-Nups. Scale bar
represents 20 mm. (A) Nucleus-nonspecific Nups that localized in both
MAC and MIC, (B) MAC-specific Nups, and (C) MIC-specific Nups.nucleoporin gp210 exists in this unicellular organism under-
going closed mitosis; previously, it had been found only in
multicellular animals [22, 23] and plants [24]. This suggests
that gp210 may be conserved in a wide range of eukaryotes
(except for fungi) as reported by Mans et al. [20]. In contrast
to the other nucleoporins, the localization of Nup98 homologs
was quite striking. Of four Nup98 homologs, two were exclu-
sively localized to the MAC (Figure 1B) and the other two to
the MIC (Figure 1C). We named the MAC-localizing Nup98s
MacNup98A and MacNup98B and the MIC-localizing Nup98s
MicNup98A and MicNup98B; MacNup98B and MicNup98A
correspond to Nup3 and Nup4 in Malone et al. [12], respec-
tively. Selective localization was maintained during vegetative
growth and was not changed during the nuclear division cycle
(Figure S4). Our findings indicate that Tetrahymena NPCs,
both in the MAC and MIC, are composed of at least 11 nucleo-
porins. Because the NPC is known to be composed of nearly
30 nucleoporins in a wide variety of eukaryotes [25, 26], more
nucleoporins probably remain to be identified.
Because of their strict nuclear selectivity, we searched for
molecular structural differences between the four Nup98 homo-
logs. These four Nup98s shared a conserved nucleoporin2
domain (nucleoporin autopeptidase domain; pfam04096) that
assigns them to Nup98 (Figure 2A and Table S1). MacNup98A
and MacNup98B had typical GLFG repeats (see red bars in
Figure 2. Molecular Characteristics of Four Nup98 Homologs in
T. thermophila
(A) Domain architecture representing the positions of repeat sequences (red
or blue vertical bars) and the conserved ‘‘Nucleoporin2’’ domain (green
boxes). Out of the four Nup98 homologs, only MicNup98B features the
amino acid sequence HFS (a solid black vertical line) conserved as an auto-
cleavage site in the Nucleoporin2 domain; thus, the proform generates two
gene products, MicNup98B with HF at the C terminus and Nup96 with S at
the N terminus. Red and blue vertical bars represent the positions of FG or
Fx (wherein x = N, Q, or S) repeats, respectively.
(B) An amino acid multiple alignment of the repeat regions of Tetrahymena
Nup98 homologs was performed by WebLogo software (http://weblogo.
berkeley.edu/). The y axis represents the relative frequency of each amino
acid present in the repeats. GLFG and NIFN are well conserved in
MacNup98A/B and MicNup98A/B, respectively. Black and blue letters
represent hydrophobic and hydrophilic residues, respectively.
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845Figure 2A), as found in animal Nup98 or S. cerevisiae Nup116p
and Nup100p. Intriguingly, instead of GLFG repeats,
MicNup98A and MicNup98B had repeats of NIFN or SIFN
(designated NIFN repeat; see blue vertical bars in Figure 2A).
This repeat has not been found in any nucleoporin so far
reported. To further understand the structural differences or
similarities between the two types of repeats, we compared
the relative frequency of amino acids by multiple alignments.
We found that phenylalanine (F) residues in the repeats were
highly conserved in all Nup98s and that the neighboring amino
acids also shared chemical features such as hydrophobicity
and polarity, suggesting that these nucleoporins were indeed
paralogs. Despite some similarity in the chemical features of
the two repeats, intervening sequences between the repeats
were different. They were asparagine (N)-rich in MicNup98s
and glycine (G)-rich in MacNup98s (Figure 2B). Given that
phenylalanine and the neighboring amino acids play a key
role in binding to a hydrophobic pocket between the HEAT
repeats of importin-b [27], compositional differences between
the two types of repeats and, thus, the two types of Nup98
maycausedifferences inaffinity to thesameimportin-bspecies.
Indeed, most importin-bs have been reported to exist unequally
in the two nuclei [12].
To understand the role(s) of the MAC-specific and MIC-
specific repeat sequences of the Nup98 paralogs, we swapped
the N-terminal repeat domains between MacNup98A and
MicNup98A to generate chimeric proteins (see Figure 3A
for details). A chimera, ‘‘BigMic,’’ which is composed of the
N-terminal GLFG repeat domain of MacNup98A and the
C-terminal domain of MicNup98A, was predominantly targeted
to the MIC NPC; only a small fraction was targeted to the MAC
NPC (Figure 3B). The opposite chimera, ‘‘BigMac,’’ which is
composed of the N-terminal NIFN repeat domain of MicNup98A
and the C-terminal domain of MacNup98A, was predominantly
targeted to the MAC NPC with some additional localization to
the anterior cell surface (Figure 3B). These results are consis-
tent with the previous finding that the C-terminal portion of
Nup98, containing the nucleoporin2 domain, is essential for
its NPC targeting [28]. In addition, our observation suggests
that the C-terminal portion of Tetrahymena Nup98s may have
a role in the determination of nuclear selectivity as well as
NPC targeting, although how the C terminus distinguishes the
two nuclei remains to be investigated.
In BigMic-expressing cells, the size of the MIC was
increased 2-fold from wild-type cells (t test, p < 0.001),
whereas the size of the MAC was not significantly changed
(Figures 3C and 3D). Similarly, in BigMac-expressing cells,
the size of the MAC was increased (p < 0.001), whereas the
size of the MIC was not changed (Figures 3C and 3D). These
results suggest that the chimeric Nup98s induced some struc-
tural and/or functional alteration of the nucleus where they are
exotically localized. Incidentally, in MICs expanded by BigMic
localization, DNA replication timing and transcriptional repres-
sion remained unchanged (data not shown), suggesting that
BigMic expression alone does not change a MIC to a MAC.
To further understand the role(s) of the nucleus-specific
repeat sequences, we examined whether nucleus-specific
transport is affected by the presence of chimeric BigMic or
BigMac. We have tested several nuclear proteins as markers
for nucleus-specific nuclear transport. GFP-MLH (micronu-
clear linker histone) fusion proteins were exclusively localized
to the MIC, whereas GFP-histone H1 (macronuclear linker
histone) were exclusively localized to the MAC, as shown
previously [5, 11] (Figure 4A, wild-type). GFP-GST-NLS, GFPfused with the amino acid sequence of a classical nuclear
localization signal, was also exclusively localized to the
MAC, as reported previously (Figure S6) [29].
When mCherry-tagged chimeric BigMic (mCherry-BigMic)
was expressed (see arrows in Figures 4A for MIC localization
of mCherry-BigMic; also see arrows in Figure 3B for localiza-
tion of GFP-BigMic), MIC localization of MIC-specific MLH
protein was dramatically decreased or lost in BigMic-localized
MIC (Figures 4A, top center panels, and 4B, top). In addition,
we confirmed that MLH transcripts were present in these cells
Figure 3. Localization of Chimeric Nup98s Affects Nuclear Morphology
(A) Schematic drawings of chimeric Nup98 construction. BigMic was con-
structed by fusing the N-terminal region of MacNup98A that includes the
GLFG repeats (1–667 amino acid residues) with the C-terminal region of
MicNup98A (505–942). BigMac was constructed by fusing the N-terminal
region of MicNup98A that includes the NIFN repeats (1–504) with the
C-terminal region of MacNup98A (668–1106). Vertical gray lines represent
repetitive FG or Fx sites. Shaded regions at the C terminal represent the
Nucleoporin2 domain.
(B) Localization of GFP-BigMic and GFP-BigMac in living cells. In BigMic-
expressing cells, the MIC became enlarged (both panels), and abnormal
distribution of the NPCs in the MIC was often seen (right panel). Most
GFP-BigMic was localized in the MIC (arrows in the left panels); however,
faint signals of GFP-BigMic were also seen in the MAC of some cells (arrow-
heads). In BigMac-expressing cells, GFP signals were localized to the MAC
NPC (double arrowheads) and to the cell surface near the anterior tip. The
meaning of the surface localization is unknown. The asterisks and arrows
indicate the MAC and MIC, respectively. Scale bars represent 20 mm.
(C) Nuclear volume was determined based on the staining of the nuclear rim
with anti-Seh1 antibody as described in the Supplemental Data. Changes in
nuclear volume upon expression of each GFP-Nup98 isoform and GFP-
chimeras are shown. Data represent mean values and SD; Ns are 106–181
for MIC and 102–112 for MAC. Details of methods are described in the
Supplemental Data.
(D) DNA staining of the nuclei of wild-type cells (WT) or GFP-chimera-
expressing cells (BigMic, BigMac). Cells were fixed with cold MeOH and
stained with DAPI. Scale bars represent 10 mm.
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846(Figure S5). These results suggest that macronuclear GLFG
repeats blocked transport of micronuclear-specific proteins
(Figure 4C).
Notably, when the opposite chimera, mCherry-tagged
BigMac (mCherry-BigMac), was expressed (see double arrow-
heads in Figure 4A for MAC localization of mCherry-BigMac;
also see double arrowheads in Figure 3B for that of GFP-
BigMac), no nuclear accumulation of MLH was observed into
BigMac-localized MAC (Figure 4A, top right panels), suggest-
ing that micronuclear NIFN repeats did not induce transport of
micronuclear-specific proteins.
When mCherry-BigMac was expressed, MAC localization
of macronuclear histone H1 was dramatically decreased in
BigMac-localized MAC (Figures 4A, middle right panels, and
4B, middle). In addition, we confirmed that histone H1 tran-
scripts were present in these cells (Figure S5). Basically, the
same results were obtained with another macronuclear-
specific protein GFP-GST-NLS (Figure S6). These results
suggest that micronuclear NIFN repeats blocked transport of
macronuclear-specific proteins (Figure 4C).
In addition to the dramatic decrease in MAC localization
of H1 in BigMac-localized MAC, MAC localization of H1 was
Figure 4. Exotic Localization of Chimeric Nup98s Inhibits Nuclear Accumu-
lation of Native Nucleus-Specific Proteins
(A) GFP-MLH, histone H1, or histone H2B were coexpressed with mCherry-
BigMic or BigMac in cells. Fluorescence images were taken in fixed cells as
described in the Supplemental Experimental Procedures. The ‘‘BigMic’’ and
‘‘BigMac’’ columns show fluorescence images of cells expressing mCherry-
BigMic (red) or mCherry-BigMac (red), respectively, in addition to the GFP
fusion proteins indicated on the left (green). The ‘‘Wild type’’ column shows
images of cells expressing GFP fusion constructs only. DNA was stained
with DAPI (blue). Arrows and arrowheads indicate MIC- and MAC-localizing
mCherry-BigMic, respectively. Double arrowheads indicate MAC-localizing
mCherry-BigMac. Scale bars represent 20 mm.
(B) Quantification of GFP intensity in MICs and MACs. The fluorescence
intensity was measured from the entire MIC or a portion of the MAC as
described in the Supplemental Experimental Procedures. Values were
determined as a percentage relative to the intensity obtained in wild-type
as a control. Columns represent the average and SD. Numbers of cells
examined were 37–40 for GFP-MLH, 44–46 for GFP-H1, and 47–55 for
GFP-H2B.
(C) A model representative of chimeric Nup98s’ functions. Inappropriate
localization of the GLFG or NIFN repeats of Nup98 to the NPCs of the oppo-
site nucleus inhibits nuclear accumulation of native nucleus-specific
proteins (designed MAC or MIC cargo) to that nucleus.also decreased in BigMic-expressing cells. The decrease of
MAC localization of H1 in BigMic-expressing cells was prob-
ably because a low level of BigMic was localized to the MAC
in these cells (see arrowheads in Figures 3B and 4A). Basically,
the same results were obtained with GFP-GST-NLS (Figure S6).
These results suggest that the C-terminal region of Nup98s, as
well as N-terminal repeats, may have some functions in nuclear
transport.
Significant loss of linker histone (MLH or H1) in BigMic-local-
ized MIC or BigMac-localized MAC, respectively, may explain
their phenotypes of nuclear enlargement because similar
phenotypes of nuclear enlargement have been reported in
gene knockouts of MLH and histone H1 [30].
Localization of GFP-histone H2B, which is common to both
nuclei, was also tested but was not affected by expression of
the Nup98 chimeras (Figures 4A, low middle and right panels,
and 4B, low). This suggests that the nucleus-specific repeats
of Nup98s may be related to nucleus-selective transport, but
not to common nuclear transport. Taken together, these
results suggest that GLFG/NIFN repeats function to block
misdirected nuclear transport of nucleus-specific proteins in
binucleated Tetrahymena.
Several studies have shown that NPC composition varies in
various cell types [23, 31] and during aging [32] in multicellular
organisms, suggesting that the NPC composition may
contribute to generate functionally distinct nuclei in variously
differentiated cells. However, it is unclear whether these
compositional variations of the NPC affect nuclear function
by directly controlling active nuclear transport. Instead, the
nuclear transport receptor has been reported as a key factor
in cell differentiation [33, 34]. It is easy to imagine that nuclear
transport receptors, not the NPC, control selective nuclear
transport in a ‘‘mononucleated’’ eukaryotic cell. However, in
‘‘binucleated’’ ciliates possessing two functionally distinct
nuclei, certain structural differences must exist in the NPC or
in both the NPC and nuclear transport receptors to achieve
highly selective nucleus-specific transport to the two different
nuclei located close to each other within the same cell. This
study showed that ciliates’ nuclei have NPCs with distinct
sets of nucleoporins and demonstrated for the first time that
distinct NPCs are involved in selective nucleus-specific trans-
port. In addition, we also demonstrated that Nup98 acts as
a barrier to active transport of specific nuclear proteins such
as linker histones in Tetrahymena. Because such nuclear
factors including Nup98 and histones are well conserved in
eukaryotes, structural alterations of the NPC may also be
involved in the regulation of nuclear function by controlling
nuclear transport during cell proliferation and differentiation
in other eukaryotes.
Experimental Procedures
Expression of GFP Fusions and Its Imaging
We searched the Tetrahymena genome database (http://www.ciliate.org/)
for nucleoporin genes. Inbred strains of T. thermophila were cultivated in
a proteose peptone-based medium at 30C. Total RNA isolation was done
with Trizol reagent (Sigma), and the coding region was amplified by RT-
PCR with a specific set of primers (see Supplemental Data for details).
The PCR products were digested with XhoI and ApaI and inserted into the
pVGF-1 GFP-expression vector for vegetative growing T. thermophila
[35]. An electroporation method was adopted for transformation of mating
cells, and GFP-expressing cells were isolated based on resistance to paro-
momycin. For microscopic observation, cells were immobilized between
two coverslips. Images were taken with a DeltaVision fluorescent micro-
scope system (Applied Precision) by using an oil-immersion objective lens
(UApo40, NA = 1.35, Olympus) and were deconvolved with the SoftWorx
Nucleus-Specific Nup98 in Tetrahymena
847software that comes with DeltaVision. See Supplemental Data for other
procedures and a detailed description of our methods.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, seven
figures, and two tables and can be found with this article online at http://
www.cell.com/current-biology/supplemental/S0960-9822(09)00909-9.
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